We have developed a cold-target recoil-ion momentum spectroscopy apparatus dedicated to the experiments using the extreme-ultraviolet light pulses at the free-electron laser facility, SPring-8 Compact SASE Source test accelerator, in Japan and used it to measure spatial distributions of fundamental, second, and third harmonics at the end station.
I. INTRODUCTION
In October 2007, a new facility, the SPring-8 Compact SASE Source ͑SCSS͒ test accelerator in Japan, 1 has started operation. It is the second extreme-ultraviolet ͑EUV͒ freeelectron laser ͑FEL͒ light source in operation after the one at Hamburg ͑FLASH͒. 2 The SCSS test accelerator provides linearly polarized EUV-FEL ͑ϳ30 J per pulse, ϳ100 fs pulse width, and 10-20 Hz repetition rate͒ in the wavelength region 51-61 nm under laser power saturation conditions. This energy regime is of particular interest because all atoms, except helium, in any forms of matter, can be ionized with huge photoionization cross sections. This new source, however, requires redesigning the experimental end stations and the particle detection systems compared to those used at synchrotron sources or optical laser sources with high repetition rates Ն1 kHz. For the EUV-FEL concerned, even under ultrahigh vacuum conditions of 10 −10 Torr, the unfocused FEL beam produces hundreds of electrons and ions from residual gas per laser shot. Furthermore, if any tiny fraction of the scattered light from the surface of mirrors and slits hit a metal surface of the electron spectrometer, thousands of electrons are produced, making momentum or velocity imaging very difficult.
To circumvent difficulties described above, we have developed a dedicated apparatus for cold-target recoil-ion momentum spectroscopy ͑COLTRIMS͒ ͑Ref. 3͒ and employed it to characterize the higher order harmonics of the FEL beam. For studies of two-and three-photon processes in the FEL focus, it is nontrivial to distinguish these processes from single-photon processes of the second and third harmonics of the FEL and hence a careful characterization of the FEL beam is essential. The next section describes the design of the apparatus. In Sec. III, we describe the experimental procedure for the measurements of spacial distributions for the fundamental, second, and third harmonics of the FEL beam. Section IV illustrates the experimental results, whereas Sec. V is a brief summary.
II. DESIGN OF THE APPARATUS
The design of our ion spectrometer, shown in Fig. 1 , is similar to the one described in Ref. 4 . The spectrometer uses two acceleration regions with homogenous electric fields and a drift tube. The source volume of the ions is the intersection of the gas beam and the FEL beam. It is 30 mm away from the extractor electrode and 25.1 mm away from the pusher electrode. The pusher and extractor electrodes are plane aluminum plates with round holes covered by flat stainless steel meshes ͑70% transmission each͒. The second acceleration region is 61.6 mm long. After the second acceleration region the extracted ions enter the 268 mm long drift tube. It is terminated by two grids to obtain a field free region inside. With three meshes of 70% transmission each and the detector of 30% detection efficiency, the overall detection efficiency is about 10%. The voltages of the electrodes are usually set to values that fulfill the space focusing condition. Relatively high mass resolution ͑Ͼ100͒ is achieved to resolve the signals by target from those by residual gases.
The determination of the ion momentum is based on the measurements of the time-of-flight ͑TOF͒ and the detector b͒ Electronic mail: xjliuxjliu@gmail.com.
hit position for each ion. 3, 5 Here, a three-layer delay-line anode ͑Roentdek HEX80͒ was used for the readout of the microchannel plate ͑MCP͒ in order to minimize the dead-time. 6 A combination of obtaining redundant information from the three layers of the delay-line anode and a sophisticated logic is necessary to reconstruct time and positions of all "hits." Instead of conventional constant fraction discriminators and time-to-digital converters, an 8-channel digitizer ͑Acqiris DC282ϫ 2͒ was used. 7, 8 The complete waveforms of six signals from the three-layer delay-line anode and one from the MCP were recorded by seven channels of the 8-channel digitizer and stored in the computer. The timing signals were extracted off line from each waveform by a software simulating a constant fraction discriminator. 9 In this way we could separate up to eight detected ions within 100 ns. More than 100 ions can be recorded per laser shot in the TOF of 20 s.
The target beam is produced by expanding the sample gas with a stagnation pressure from 1 to 10 atm through a nozzle with a pinhole of 30 m in diameter and 250 m in thickness. The nozzle can be cooled and temperature stabilized between room temperature and 130 K. The supersonic beam is skimmed by a 0.5 mm diameter 30°skimmer about 10 mm in front of the nozzle. The nozzle is housed in a CF150 cross. For differential pumping, two apertures, with diameters of 1 mm, are mounted at 400 and 610 mm downstream. The main vacuum chamber follows the second differential pumping stage. On the other side of the main chamber, a beam dump is mounted consisting of a 10 mm hole. Under typical operating conditions using a stagnation pressure of 3 atm in the nozzle, the pressures in the source chamber, the first differential pumping stage, the main chamber, and the beam dump are 2.6ϫ 10 −4 , 3.1ϫ 10 −8 , 1.3ϫ 10 −10 , and 8.0ϫ 10 −10 torr, respectively. The pressure read in the main chamber does not depend on the presence of the target gas beam. The beam propagation direction is vertical from top to bottom.
III. EXPERIMENT
We have used this new apparatus to characterize the higher order harmonics of the EUV-FEL provided by the SCSS test accelerator. The experimental alignment is shown in Fig. 2 . A cooled ͑130 K͒ supersonic jet of helium was used as a target. The unfocused FEL beam passes through the spectrometer horizontally steered by one of the two upstream SiC plane mirrors. At ϳ1 m in front of the spectrometer, the unfocused FEL beam is cut by a slit with 1 mm opening. Three skimmers are installed to suppress the scattered light from the edge of the slit. The field strength and the ponderomotive energy of the unfocused FEL beam are about 2 ϫ 10 8 W / cm 2 and 6 ϫ 10 −8 eV, respectively. The Keldysh parameter for the ionization of helium is about 1.4ϫ 10 4 . Thus all the multiphoton processes can be neglected and all electrons emitted from helium atoms with high kinetic energies are due to ionization by the higher harmonics only. For single ionization the momentum vectors of the photoelectron and of the ion are almost equal and opposite. The photon momentum is negligible at these energies. Technically, however, it is easier to measure the recoil momenta of the helium ions than to measure the electron kinetic energy, because the electrons emitted from the residual gas completely mask the electrons from the helium target. The TOF spectrometer axis is parallel to the electric vector of the FEL beam. The electrostatic fields 0.24 and 0.93 V/mm in the two acceleration stages, respectively, project He + ions with kinetic energies up to 90 meV onto a 80 mm diameter MCP in front of the delay-line anode, so that we can clearly resolve the recoil of the He + ion charge state and momentum vector in the TOF and the detector hit position. The count rate in the He + ion signal was less than one count per laser shot, far less than about 40 ions detected per laser shot, originating from the residual gas at 10 −10 Torr. It took about 45 min to record data at one position at the FEL repetition rate of 10 Hz. In total, about 6 h were spent on the data acquisition for all the positions scanned.
The spectral distributions of FEL pulses recorded by the EUV spectrometer equipped with the optical multichannel analyzer just before the present measurement is shown in Fig. 3 . The distribution varies shot by shot as nature of SASE. After averaging many shorts, we find that, for the used settings of the FEL, about 0.1% of the spectrum has a wavelength shorter than 50.42 nm, corresponding to the ionization energy of He of 24.59 eV. Accordingly, only this small fraction of the fundamental radiation, besides the higher harmonics, contributes to the ionization of helium. It should be noted that the EUV spectrometer is optimized to measure FEL spectrum around 50-60 nm, and the shortest wavelength limit is about 30 nm. It is difficult to quantitatively determine the contribution of higher order light using the EUV spectrometer. 
IV. RESULTS AND DISCUSSION
The momentum resolution is the best along the polarization direction that coincides the with TOF spectrometer axis ͑Z͒ and the direction of the FEL beam propagation ͑X͒. These two directions are both perpendicular to the gas jet, as the transversal spread of the momenta in the jet are very small due to skimming of the target. The two-dimensional ͑2D͒ plots, P x versus P z , of He + ion momentum distributions are shown in Fig. 4 . The spectrum was recorded with the central portion of the FEL beam. We can clearly identify the He + momentum distributions for single-photon ionization by the second and third harmonics. Their angular distributions are well described by the cos 2 distributions of the p wave, with being the angle between the polarization direction and the recoil-ion momentum. This also confirms that these momentum distributions are not due to the two-and threephoton ionizations by the fundamental that produces high-l waves. The resolution in the third Cartesian coordinate is not sufficient to clearly resolve the different orders of the FEL beam. We used this coordinate only to discriminate against ion signals coming from residual helium gas in the vacuum chamber by restricting the analysis to an appropriate Y interval on the detector.
The data were accumulated and analyzed for each setting of the steering mirror that changes the position of the unfocused FEL beam. In this way a profile of the contributions of the fundamental, the second, and the third harmonics were measured as a function of the horizontal position. The results are shown in Fig. 5 . Here, we have obtained the relative intensities of the harmonics using known photoionization cross sections of helium atoms at three-photon energies concerned. 10 For the fundamental and the third harmonics, the maximum of the intensity is in the center and the intensities decrease symmetrically. For the second harmonic the intensity is not maximal at the center. Also, the second harmonic has a broader profile than the fundamental and the third harmonics.
The information about the spatial distribution of each harmonic, as well as their relative intensities, are important in distinguishing the two-and three-photon processes from single-photon absorption by the second and third order harmonics. To identify two-photon processes, one usually measures the yields as a function of the photon flux and fits a power law. Our result shows that, by opening the slit, one increases the relative contribution of second harmonics with respect to the fundamental. One has to keep this in mind whenever he tries to measure the two-photon processes.
In principle, the same information could be obtained from conventional electron spectroscopy for the He target. However, performing the electron spectroscopy on the EUV-FEL beam line is by any means nontrivial, due to huge background electron signals from the residual gas and surface emission by the scattered light. In fact, we tried to perform also the electron spectroscopy but the background signals completely masked the very weak signals from the target. The He COLTRIMS measurements employed here were, on the other hand, completely free from such background signals.
V. CONCLUDING REMARK
We constructed a COLTRIMS setup at the SCSS test accelerator beamline at Japan and employed it to measure the spatial distributions of fundamental, second, and third harmonics from the unfocused FEL beam. We found that their relative contributions change as a function of the horizontal positions in the FEL beam. This measurement was possible because the COLTRIMS was free from the background that made electron spectroscopy extremely difficult or practically impossible.
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